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Abstract

We present the activities of the ‘New Physics’ working group for the ‘Physics at TeV Colliders’
workshop (Les Houches, France, 5–23 June, 2017). Our report includes new physics studies
connected with the Higgs boson and its properties, direct search strategies, reinterpretation of
the LHC results in the building of viable models and new computational tool developments.
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Introduction

G. Brooijmans, M. Dolan, S. Gori, F. Maltoni, M. McCullough, P. Musella, L. Perrozzi,
P. Richardson, F. Riva

This document is the report of the New Physics session of the 2017 Les Houches Work-
shop ‘Physics at TeV Colliders’. The workshop brought together theorists and experimenters
who discussed a significant number of novel ideas related to Higgs and beyond the Standard
Model physics. New computational methods and techniques were considered, with the aim of
improving the technology available for theoretical, phenomenological and experimental new
physics studies.

More precisely, one set of studies undertaken during the workshop concerns investigations
associated with specific new physics models either constructed from a top-down approach or
built following a bottom-up path. A second set of studies is connected to the Higgs boson
discovered a few years ago. Its properties are now measured with increasing accuracy at the
LHC, constraining the construction of any realistic new physics theory correspondingly. Finally,
recasting techniques are the subject of a third series of contributions, including suggestions on
the way experimental information could be presented.

In the first section searches for new physics beyond the Standard Model are presented,
covering diverse frontiers in the hunt for new states, from new two-body resonances to new
particles with macroscopic lifetimes. A first contribution reviews two-body resonance searches
at the LHC, highlighting a few cases that are not currently covered. Many models contain
vector-like quarks, for which single production can significantly enhance the search range. In
direct single production, next-to-leading order effects, studied in a second contribution, can
have significant effects on distributions used to separate the signal from the Standard Model
background. The third contribution explores another way to produce single vector-like quarks:
the production of new heavy spin-0 or spin-1 bosons that decay to a vector-like quark and a
Standard Model fermion, which again leads to changes in distributions used to discriminate
against the backgrounds. Three contributions tackle macroscopic lifetimes. The first reveals
the connection between searches for long-lived particles (LLPs) and a compelling paradigm for
dark matter production, known as “freeze-in”. This connection relates the dark matter abun-
dance in freeze-in models to the lifetime of the LLP produced at the LHC, making the lifetime
determination a key target for such models. A complementary study determines the accuracy
with which one could hope to answer this question, revealing how detector effects or analysis
cuts could influence the accuracy with which the LLP lifetime could be determined. A related
study in the tools sections exposes how attempts to recast current LHC LLP searches may be
hampered by the format in which analysis details are presented. Consequentially, this contribu-
tion makes recommendations on the presentation of analysis details to maximise the impact of
LHC searches in recasting for alternative scenarios.

In the top sector, two studies have been performed. One explores the “mono-top” signa-
ture of dark matter production, and a second flavour-violating top squark decays, showing the
limitations of simplied models in quantifying LHC sensitivity to new physics. This is followed
by an examination of the sensitivity of the LHC to intermediate mass (pseudo-)scalars produced
in association with heavy flavor quark partners, indicating that with some optimization the LHC
could cover the relevant areas in parameter space.
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Another area in which the face of new physics may be already partially revealed is flavour
physics, particularly concerning b-quarks, where a number of mild anomalies in individual
measurements of different b-meson decay final states may be consistently pointing towards
evidence of violation of lepton-flavour universality. The status of these anomalies and potential
theories of new physics that may coherently explain the measurements through the existence of
new particles is reviewed.

The second section includes contributions related to the physics of the Higgs boson and
the electroweak symmetry breaking sector. Some contributions focus on effective field theories
(EFTs) for Higgs physics, some on models with new light Higgs bosons, and some on models
with additional heavy Higgs bosons. In particular, in the context of EFTs, one study com-
pares different ways of experimentally accessing Beyond the Standard Model (BSM) physics
via EFTs: either via a direct search dedicated to these effects, or via Simplified Template Cross
Sections (STXS). Another study discusses, instead, the EFT reach at linear colliders (using
CLIC as benchmark) in diboson processes, and designs a dedicated search to maximise it. An-
other study compares different EFT bases numerically and identifies the higher order effects
that differ between them. Finally, the last study investigates the potential of the measured Higgs
fiducial cross sections for deriving constraints on BSM Higgs production. In the context of
models with new light Higgs bosons, one contribution investigates the bounds on models con-
taining new scalars addressing the Z → bb̄ ALEPH anomaly, using Contur. A study of collider
bounds on light pseudoscalars with a mass below 50 GeV is also presented, focusing on the
mass regions [3, 5] GeV and [9, 11] GeV, where the mixing of the pseudoscalar with QCD
bound states has to be included. A last project analyses the LHC prospects to discover a light
scalar with mass below 65 GeV produced in association with a Z boson. Finally, in the context
of models with new heavy Higgs bosons, a study presents the full NLO corrections to Higgs
gluon fusion in SUSY QCD, within the framework of the MSSM including the full mass de-
pendence of the particles running in the loop. We also report the first sensitivity study of the
channel: H1 → H2H2 → bb̄bb̄, with both H1 and H2 states beyond the Standard Model, and we
discuss the importance of interference effects in the search for heavy Higgs bosons decaying
into hh and Zh.

Finally, the third section presents progress specific to software tools and methods that are
crucial for any new physics investigation. Four contributions are included. The first focuses on
the sensitivity of SM LHC measurements to new particles simulated through simplified models,
using pairs of photons in the final state. The exercise shows that the generic light scalar models
considered imply significant contributions to differential cross sections involving weak bosons
and/or isolated photons which have already been measured at the LHC and shown to be consis-
tent with the Standard Model, posing stringent constraints on the new physics parameter space.
The second contribution proposes a first benchmark comparison assessing the performance of
different public recasting tools in reproducing ATLAS and CMS searches with Monte Carlo
simulation. The analyses considered show good agreement between the different frameworks
and detector simulation techniques. The proposed method can be further applied to assess the
reliability of the recasting methods in, e.g. extreme regions of phase space and/or for very
different signal hypotheses than the one the analyses have been designed for. The third deals
with the recasting of Long-Lived Particles Searches. In fact, extrapolating LHC search limits to
other scenarios often proves to be a difficult task outside the experimental collaborations. The
study proves that without detailed object reconstruction and selection efficiencies a satisfactory
recasting can not be performed, and provides recommendations to the experimental collabo-
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rations to include cut-flow tables and limits for at least two models or topologies as a sanity
check. The last contribution investigates the usage of an analysis description language for LHC
result reinterpretations, to be employed to describe in an unambiguous and concise manner a
data analysis including all the details needed for recasting.

The meeting in Les Houches has fostered a large number of discussions between theorists
and experimenters. In-depth studies could however only be completed for several of the gen-
erated ideas on the required timescale. It is clear that even those that could not converge to a
written contribution have paid off through the breadth of searches conducted by experimenters
and the understanding of the challenges placed on an experiment by the ever-changing theoret-
ical landscape. We expect that many more future results will benefit from the discussions held
at the workshop.
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Contribution 1

Overview of two-body resonant searches at LHC

G. Brooijmans, G. Facini, J. Hewett, T. Hryn’ova, T. Rizzo
This contribution presents a novel approach to categorizing the existing two-body reso-

nant searches at LHC and is aimed to identify some potential search channels that have been so
far overlooked. This work is inspired by Ref. [1].

A typical resonance search looks for a bump on top of a smooth background. Some
searches are intrinsically model independent (e.g. the inclusive, opposite-sign dilepton searches [2]).
Other searches are more fine-tuned to a specific new physics model, such as the same-sign
dilepton search which looks in particular for the pair-production of the doubly charged Higgs
bosons [3] so that an additional invariant mass requirement is added to the more general search
criteria. Here we will specifically highlight these general searches in our categorization in order
to make it as model-independent at possible:

– Existing two body resonant searches are summarized in Table 1.

– Existing two body resonant searches which have additional particle or double-production
requirements are summarized in Table 2.

– If no search is performed in either of the above categories, the corresponding channel is
marked with "0", the channels covered only in one of two tables are marked by “*”.

– The neutrino (ν) category in this table experimentally corresponds to a missing trans-
verse momentum requirement. Typical searches (except in the lν channel) assume not
a Standard Model neutrino as the MET source, but some yet to be discovered stable or
long-living neutral particle.

The tables show the most recently available results from the ATLAS or CMS collaborations
with highest available integrated luminosity for the largest possible center-of-mass energy.

Some single production searches, e.g. lν (W’), will not cover the pair-production of sim-
ilar resonances (lνlν), because this search is performed employing the transverse mass variable
and assumes that all of the missing transverse energy comes from a single particle. It also does
not cover associated production (e.g. llν) because it has a second lepton veto [4]. We note the
cases where the final state is covered, but the search was not done using the corresponding mass
distribution, which might reduce its sensitivity to find a resonance. For example, in Ref. [5] (Zt
channel) a single bin analysis is performed for the pair production search for vector-like-quarks
in the one lepton, jets, plus missing transverse momentum channel. In Ref. [6] (Wt channel)
both a cut-based analysis and a boosted-decision-tree approach are used. The latter might not
be easily reinterpretable for other models.

The following channels are identified as completely uncovered by present searches, al-
though they would be interesting to pursue in the context of certain models as indicated below:

– be, te, bµ, tµ - leptoquarks
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Table 1: Existing two-body exclusive final state resonance searches performed by ATLAS or CMS.
Only highest luminosity and largest center-of-mass energy publication is shown, the default being the
full 2015+2016 dataset. References in italic employ only the 2015 or partial 2015-2016 datasets.
Underlined references use Run 1 data. Note that e/µ+MET had extra lepton veto applied.

e µ τ ν j b t γ Z W h
e ±∓ [2],±± [3] ±± [3] [8] [4] [9] 0 0 * [10] * *
µ - ±∓ [2],±± [3] [8] [4] [9] 0 0 * [10] * *
τ - - [11] [12], [13] * * * 0 * * *
ν - - - * (?) * * * [14] * * *
j - - - - [15] [16] 0 [17] [18] [18] 0
b - - - - - [16] [19] 0 * * *
t - - - - - - [20, 21] 0 [22] * *
γ - - - - - - - [23] [24] [25] 0
Z - - - - - - - - [18] [18] [26]
W - - - - - - - - - [18] [26]
h - - - - - - - - - - [27, 28]

– τγ, bγ, tγ - excited leptons and quarks

– tj - vector-like top quark

– hj - vector-like light flavour quark

– hγ - Kaluza-Klein excitation of Higgs

Some of the channels not covered by the dedicated searches above (be, bµ, bγ) are instead
covered in the so-called general search [7], in which various combinations and multiplicities
of electrons, muons, photons, jets, b-jets and missing transverse momentum are scanned for
deviations from the Standard Model Monte Carlo prediction in the distributions of the effective
mass and the total visible invariant mass of the reconstructed objetcs.

We believe it might be interesting for the ATLAS and CMS collaborations to adopt this
approach in the presentation of summaries of the two-body resonant search results in addition
to their current summary tables. Furthermore, this analysis should be extended to three-body
resonance searches, as in many new physics models the largest production cross-sections are
not for the lightest new particles, and heavier particles are naturally strongly coupled to lighter
ones.
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Contribution 2

Exotic decays of heavy boson into SM quarks and vector-like
quarks

D. Barducci, H. Cai, T. Flacke, B. Fuks, R. Gröber, W. Porod, T. Rizzo

Abstract
We identify the quantum numbers of heavy scalar or vector resonances
that can be singly produced via proton-proton scattering at the LHC.
We then classify the quantum numbers of heavy vector-like quarks into
which the heavy bosons can decay in association with a Standard Model
quark. We subsequently briefly discuss the phenomenology of these
non-standard signatures at the LHC.

1 INTRODUCTION
Searches for the on-shell production of heavy resonances are among the priorities of the Large
Hadron Collider (LHC) physics program and a powerful tool to probe various new physics
(NP) scenarios. In fact many beyond the Standard Model (BSM) realizations formulated to
address the shortcomings of the Standard Model (SM) predict the presence of unstable spin-0
or spin-1 states which can promptly decay into a pair of SM particles. The latter can generally
be reconstructed within the LHC detectors and consequently provide sensitivity to the possible
presence of such BSM states. The most simple examples of this program are the searches for
peaks in, e.g., the γγ, jj and `+`− invariant-mass distributions. Final state consisting of a pair
of unstable SM states, such as tt̄, ZZ andW+W−, can also be exploited, thanks to the generally
good reconstruction efficiency for such objects.

On general grounds, in order to have a significant number of signal events, the heavy
resonance should decay copiously into the chosen SM final state with the event rate (within
the narrow width approximation) being determined by the product of the on-shell resonance
production cross section and the corresponding branching fraction into the specific final state
of interest. However, in many NP models there exist additional decay channels for such heavy
states that are open and so decays into non-SM final states can become the dominant ones. This
happens, for example, in Composite Higgs Models (CHMs), where new spin-1 resonances can
have a sizeable branching fractions into a pair of vector-like quarks (VLQs) or a VLQ and a SM
quark [53–55] or of supersymmetric models with extended gauge symmetries, where the heavy
Z ′ and W ′ can directly decay predominantly into non-SM states [56–58]. The “depletion“ of
the heavy resonances branching ratios into SM states can reduce the reach of the NP searches
performed at the LHC and relax the constraints that can be enforced on the masses of such ob-
jects.1 In order to be sensitive to the maximum number of NP configurations possible, recently
the experimental collaborations have started to pursue analyses targeting possible non-minimal
decays of heavy resonances. This is, for example, the case of the CMS search of Ref. [60],

1Note however that by reinterpreting non-dedicated analyses these bounds can be recovered [59].
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wherein a heavy spin-1 resonance is looked for in a final state containing a top quark and a
VLQ with an electric charge equal to 2/3.

Motivated by this analysis, we categorize in this note the possible final state configurations
arising from the decay of a heavy spin-0 or spin-1 particle that can be resonantly produced in
the s-channel via proton-proton collisions, and that can decay into a SM quark and a VLQ. We
identify the SM quantum numbers of such bosonic resonances as well as the quantum numbers
of the VLQs that can be present in their decays. We then discuss the associated phenomenology
highlighting which channels could be experimentally covered by the reinterpretation of existing
experimental analyses and which ones require a new dedicated search strategy.

2 HEAVY RESONANCES PRODUCTION
In order for a bosonic resonances to be produced via the s-channel in proton-proton collisions,
they should couple to SM quarks and/or gluons whose quantum number under GSM = SU(3)c×
SU(2)L × U(1)Y are provided for the sake of clarity in the following Table 2,

Field qL uR dR g

GSM (3, 2, 1/6) (3, 1, 2/3) (3, 1, -1/3) (8, 1, 0)

In the case of a vector resonance, the interaction structure with the SM quarks is of the form
q̄cLγ

µuR, q̄cLγ
µdR, q̄LγµqL, ūRγµuR, d̄RγµdR, ūRγµdR, while it is of the form q̄LuR, q̄LdR,

q̄Lq
c
L, ūcRuR, ūcRdR or d̄cRdR in the case of a scalar resonance. Here we have defined ψcL =

(ψL)c = Cγ0ψ
∗
L, with ψcL transforming like a right-handed field and ψcR like a left-handed field

and with C = iγ2γ0 in Dirac notation. We then provide in Tab. 1 the quantum number under
GSM = SU(3)c × SU(2)L × U(1)Y of the new resonances that can be singly produced via
proton-proton collisions, together with their electric charges and the schematic form of their
interaction with the proton constituents; more information is also available in Refs. [61,62]. We
however do not account in for the case where an interaction between a new scalar and the SM
fermions arises due to mixing, as this would be for example the case for a (1, 1, 0) scalar that
acquires a vacuum expectation value and its interactions to the SM fermions would then stem
from a mixing with the SM Higgs boson.

From a model building point of view new vectors usually arise either in strongly-interacting
theories (similar to the ρ meson in QCD) or in weakly-interacting theories as part of extended
gauge groups. This usually implies that there is a whole new plethora of particles which may
participate in the vector decays. While in the former case the theory can be regarded as an
effective field theory valid up to some cut-off scale and hence it can be described by a non-
renormalizable theory, in the latter case, on which we focus on here, it would be desirable to
restore renormalizablity. This in turns implies that certain constraints on the possible interac-
tions between the various states must be fulfilled if the model is to be ultraviolet (UV) complete,
e.g. that the interactions are built up from gauge-covariant quantities. Conversely, for spin-0
resonances the situation is more straightforward and the SM can be simply extended by a new
scalar multiplet.3 Moreover, since the purpose of this study is to categorize the possible SM

2We adopt the convention Qem = T 3
L + Y .

3If BSM scalar fields participate in electroweak symmetry breaking they can mix with the SM Higgs, and
the mass mixing affects production and decay of the new scalar resonances (as well as of the Higgs boson). In
this analysis we focus on heavy new states for which we expect scalar mass mixing effects and the effects from
electroweak symmetry breaking in interactions to be suppressed by O(v/Mφ), with Mφ being the scalar mass.
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Vectors Scalars
GSM Qem Interaction GSM Qem Interaction

(1⊕ 8, 1, 0) 0 ūu, d̄d, q̄q, (gg) (1, 2, 1/2) 0, 1 q̄u, q̄d

(1⊕ 8,1,1) 1 ud̄ (8, 2, 1/2) 0, 1 q̄u, q̄d

(1,3,0) 1,0,-1 q̄q (3⊕ 6̄, 1,−4/3) -4/3 ūcu

(3⊕ 6̄, 2, 1/6) 2/3,-1/3 q̄cd (3⊕ 6̄, 1,−1/3) -1/3 q̄cq, d̄cu

(3⊕ 6̄, 2,−5/6) -1/3,-4/3 q̄cu (3⊕ 6̄, 1, 2/3) 2/3 d̄cd

(8, 3, 0) 1,0,-1 q̄q (3⊕ 6̄, 3,−1/3) 2/3,-1/3,-4/3 q̄cq

Table 1: The new bosons quantum numbers under the SM gauge group together with their electric charge
and schematic interaction structure with the SM quarks and gluons, for both cases of vector (left) and
scalar (right) resonances. The chirality of the SM quarks is implicit from the interaction structure. In the
vector case we moreover do not explicitly write the γµ factor.

quantum numbers of the resonances that can be produced on-shell at the LHC and that can de-
cay into a SM quark and a VLQ, we do not consider any other possible interaction among the
heavy vectors and scalars with the SM fields except the ones responsible for these production
and decay mechanisms. Restricting then to just gauge invariant and renormalizable interactions,
the generic Lagrangians for the production of the resonances of Tab. 1 are given in Eq. (1) and
Eq. (2) for the vector case and in Eq. (3) and Eq. (4) for the scalar case, where σa are the Pauli
matrices acting in the SU(2)L space, TA are the SU(3)c generators in the fundamental repre-
sentation with A=1,...,8, λ, κ are generic coupling parameters and the subscripts on V µ vector
resonances and S scalar resonances indicate their quantum numbers under GSM .4

L1⊕8 = κ1RuRγµdRV
µ

1,1,1 + κ8RuRγµT
AdRV

µ,A
8,1,1

+
(
κqLqLγµT

AqL + κuRuRγµT
AuR + κdRdRγµT

AdR
)
V µ,A

8,1,0

+
(
κ′qLqLγµqL + κ′uRuRγµuR + κ′dRdRγµdR

)
V µ

1,1,0

+ κ3LqLσ
aγµT

AqLV
µ,A,a

8,3,0 + κ′3LqLσ
aγµqLV

µ,a
1,3,0 + h.c. .

(1)

L3⊕6̄ = κ2qcLiσ2γµdRV
µ

3⊕6̄,2,1/6 + κ′2q
c
Liσ2γµuRV

µ

3⊕6̄,2,−5/6
+ h.c. , (2)

L1⊕8 = λuqLT
Aiσ2 uRS

A∗
8,2,1/2 + λ′uqLiσ2 uRS

∗
1,2,1/2 + λdqLT

AdRS
A
8,2,1/2 + λ′dqLdRS1,2,1/2 (3)

L3⊕6̄ =
(
λqLqcLiσ2qL + λ

1/3
R ucRdR

)
S3⊕6̄,1,−1/3 + λ

2/3
R dcRdRS3⊕6̄,1,2/3

+ λ
4/3
R ucRuRS3⊕6̄,1,−4/3 + λ3LqcLiσ2 σ

a qL S
a
3⊕6̄,3,−1/3 + h.c.

(4)

4In Tab. 1, we indicate a possible production from gluon fusion of a color octet vector which is allowed by
virtue of the conservation of all quantum numbers, but does not follow from Eq. (3). Such an interaction is absent
at tree-level but is not forbidden by the Landau Yang theorem [63] and could be induced at higher order.
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ψVLQ = (3, 1, Y ) ψVLQ = (3, 2, Y )

ψSM vector ψVLQ QVLQ ψSM vector ψVLQ QVLQ

uR (1 ⊕ 8,1,0) (3,1,2/3) 2/3 qL (1⊕ 8,1,0) (3,2,1/6) (2/3,-1/3)

(1⊕ 8,1, ±1) (3,1,-1/3) -1/3 (1⊕ 8,1,±1) (3,2,7/6) (5/3,2/3)

(3,1,5/3) 5/3 (3,2,-5/6) (-1/3,-4/3)

dR (1⊕ 8,1,0) (3,1,-1/3) -1/3 (1⊕ 8,3,0) (3,2,1/6) (2/3,-1/3)

(1⊕ 8,1, ±1) (3,1,2/3) 2/3

(3,1,-4/3) -4/3

ψVLQ = (3, 3, Y ) ψVLQ = (3, 4, Y )

ψSM vector ψVLQ QVLQ ψSM vector ψVLQ QVLQ

uR (1⊕ 8,3,0) (3,3,2/3) (5/3,2/3,-1/3) qL (1⊕ 8,3,0) (3,3,1/6) (5/3,2/3,-1/3,-4/3)

dR (1⊕ 8,3,0) (3,3,-1/3) (2/3,-1/3,-4/3)

Table 2: Quantum numbers of the VLQs into which a color singlet or octet vector resonance can decay
together with the indicated SM quark for the case of a VLQ lying in the singlet (upper left), double
(upper right), triplet (lower left) and fourplet (lower right) representations of SU(2)L.

3 HEAVY RESONANCE DECAY
Having classified the possible resonances that can be singly produced on-shell at the LHC, we
identify in this Section the quantum numbers of the VLQs, i.e. the fermions lying in the funda-
mental representation (3) of SU(3)c, into which the heavy resonance can decay in association
with with a SM quark, thus assuming this process to be kinematically allowed. We discuss
separately the cases of vector and scalar resonances, and categorize the VLQs according to the
representation of SU(2)L in which the corresponding field lies. By matching the VLQ hyper-
charge in order to have gauge invariant interactions we can identify the electric charge of the
various components of the VLQ multiplets.

3.1 Vectors
If the new vectors lie in the singlet or octet representation of SU(3)c then gauge invariant and
renormalizable interactions with a VLQ and a SM quark can be written only for VLQ with
weak isospin up to 3/2, while the maximum allowed weak isospin is 1 in the case where the
new vectors lie in the triplet or anti-sextet representation of SU(3)c.

3.1.1 Case of 1⊕ 8

The categorization of the allowed VLQ quantum numbers in cases where the vector resonance
lies in the singlet or octet representation of SU(3)c is given in Tab. 2, assuming decays into
either the SM quark weak doublet qL or the weak singlets uR and dR. We observe that most
of the VLQs lying in the singlet, doublet and triplet representation of SU(2)L are “standard”
VLQ representations that generally arise in CHM, i.e. representations for which it is possible
to write gauge invariant, renormalizable Yukawa type interactions that mix the SM quarks and
the VLQs once electroweak symmetry is broken. Through this mass mixing these VLQ can
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ψVLQ = (3, 1, Y ) ψVLQ = (3, 2, Y )

ψSM vector ψVLQ QVLQ ψSM vector ψVLQ QVLQ

qL (3⊕ 6̄, 2,-5/6) (3,1,2/3) 2/3 uR (3⊕ 6̄, 2,-5/6) (3,2,1/6) (2/3,-1/3)

(3⊕ 6̄, 2, 1/6) (3,1,-1/3) -1/3 (3⊕ 6̄ 2, 1/6) (3,2,-5/6) (-1/3,-4/3)

dR (3⊕ 6̄, 2,- 5/6) (3,2,7/6) (5/3,2/3)

(3⊕ 6̄, 2, 1/6) (3,2,1/6) (2/3,-1/3)

ψVLQ = (3,3, Y )

ψSM vector ψVLQ QVLQ

qL (3⊕ 6̄, 2,-5/6) (3,3,2/3) (5/3,2/3,-1/3)

(3⊕ 6̄, 2,1/6) (3,3,-1/3) (2/3,-1/3,-4/3)

Table 3: Quantum numbers of the VLQs into which a color triplet or anti-sextet vector resonance can
decay itogether with the indicated SM quark for the case of a VLQ lying in the singlet (upper left),
doublet (upper right) or triplet (lower) representations of SU(2)L.

decay into a SM boson (W , Z or h) and a SM quark, and these decay channels have been
largely explored at the LHC in conventional VLQ searches (see e.g. in Refs. [5, 47, 48, 64]),
albeit with the assumption that the branching fractions for these three final states sum to unity.
However, for the special assignments (3, 1, 5/3) and (3, 1,−4/3) these types of interactions are
not possible. The same is true for the SU(2)L quadruplet, for which a dimension-4 Yukawa type
interaction with the SM Higgs is forbidden, (see e.g in Ref. [65]). Consequently these VLQs
will decay back into a SM quark and the new resonance through which they were produced
which will, however, be off-shell and will itself subsequently decay into a pair of SM quarks
or gluons. This process gives thus rise to a qqqq or ggqq final state, where q could be a light
quark, a b quark or a top quark. While these “backward decays” are possible also in the case
where Yukawa type interactions are allowed, they will generically be suppressed with respect to
the V LQ → SM SM decay pattern, being the former a three- instead than a two-body decay
proceeding through an off-shell state. We thus expect that these decay patterns do not affect the
reach of conventional VLQ experimental searches, as long as the couplings to the SM states are
not strongly suppressed compared to the ones to the new vector.

3.1.2 Case of 3⊕ 6̄

In the case of vectors lying in the triplet or the anti-sextet representation of SU(3)c, the allowed
quantum numbers for the VLQ are given in Tab. 3. Only standard quantum numbers for the
VLQs, i.e. quantum numbers that allow for Yukawa type interactions with the SM fields are
found in these cases.

3.2 Scalars
In this Section we perform the same classification as in Sec. 3.1 above for the case of the scalar
resonances reported in Tab. 1. Again, the new scalar is still assumed to decay into a SM-fermion
plus a new vector-like quark as before although with a different chirality structure.
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ψVLQ = (3, 1, Y ) ψVLQ = (3, 2, Y )

ψSM scalar ψVLQ QVLQ ψSM scalar ψVLQ QVLQ

qL (1⊕ 8,2,1/2) (3,1,2/3) 2/3 tR (1⊕ 8,2,1/2) (3,2,1/6) (2/3,-1/3)

(3,1,-1/3) -1/3 (3,2,7/6) (5/3,4/3)

bR (1⊕ 8,2,1/2) (3,2,1/6) (2/3,-1/3)

(3,2,-5/6) ( -2/3,-4/3)

ψVLQ = (3, 3, Y )

ψSM scalar ψVLQ QVLQ

qL (1⊕ 8,2,1/2) (3,3,2/3) (5/3, 2/3, -1/3)

(3,3,-1/3) (2/3,-1/3,-4/3)

Table 4: Quantum numbers of the VLQs into which a color singlet or octet scalar resonance can decay
together with the indicated SM quark for the case of a VLQ lying in the singlet (upper left), doublet
(upper right) and triplet (lower) representations of SU(2)L.

3.2.1 Case of 1⊕ 8

The quantum numbers and charges of the possible vector-like quarks ψV LQ in cases where the
scalar resonance lies in the trivial or adjoint representation of SU(3)c can be found in Tab. 4.
Also in this case we see that only standard quantum numbers for the VLQs, i.e. are found.

3.2.2 Case of 3⊕ 6̄

The same classification can be made for a scalar resonance lying in the triplet or sextet (3⊕ 6̄)
representation of the strong gauge group. The results are reported in Tab. 5. As in the vector
1⊕ 8 cases above we now observe the appearance of non-standard VLQ quantum numbers.

4 PHENOMENOLOGY
Having identified all the possible quantum numbers of VLQs arising from the decay of an on-
shell vector or scalar resonance singly produced at the LHC and decaying into a SM quark and a
VLQ, we now give an overview of the phenomenology which is expected from these production
and decay patterns5.

– Prompt decay into a VLQ and a SM quark: If the new VLQs have the same color and
electric charge quantum numbers as do the SM fermions we can write down a mixing
term generated by a coupling to the SM Higgs boson. This would hence lead to decays
of the new vector-like quarks into either a Higgs boson and a SM fermion, a Z-boson and
a SM fermion or a W -boson and a SM fermion, see e.g. [67]. Searches for such modes
have been recently performed by the CMS collaboration [60].

5Some of the scalars and vectors could be leptoquarks, e.g. couple to leptons and quarks. We assume here that
the corresponding couplings are zero as these are heavily constraint by the non-observation of proton decay [66].
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ψVLQ = (3, 1, Y ) ψVLQ = (3, 2, Y )

ψSM scalar ψVLQ QVLQ ψSM scalar ψVLQ QVLQ

uR (3⊕ 6̄,1,-4/3) (3,1,2/3) 2/3 qL (3⊕ 6̄,1,-4/3) (3,2, 7/6) (2/3,5/3)

(3⊕ 6̄,1,2/3) (3,1,-4/3) -4/3 (3⊕ 6̄,1,2/3) (3,2,-5/6) (-1/3,-4/3)

(3⊕ 6̄,1,-1/3) (3,1,-1/3) -1/3 (3⊕ 6̄,1,-1/3) (3,2,1/6) (2/3,-1/3)

dR (3⊕ 6̄,1,-4/3) (3,1,5/3) 5/3

(3⊕ 6̄,1,2/3) (3,1,-1/3) -1/3

(3⊕ 6̄,1,-1/3) (3,1,2/3) 2/3

ψVLQ = (3, 3, Y ) ψVLQ = (3, 4, Y )

ψSM scalar ψVLQ QVLQ ψSM scalar ψVLQ QVLQ

uR (3⊕ 6̄,3,-1/3) (3,3,-1/3) (2/3,-1/3,-4/3) qL (3⊕ 6̄,3,-1/3) (3,4,1/6) (5/3,2/3,-1/3,-4/3)

dR (3⊕ 6̄,3,-1/3) (3,3,2/3) (5/3,2/3,-1/3)

Table 5: Quantum numbers of the VLQs into which a color triplet or anti-sextet scalar resonance can
decay together with the indicated SM quark for the case of a VLQ lying in the singlet (upper left), doublet
(upper right), triplet (lower left) and fourplet (lower right) representations of SU(2)L.

– Displaced vertices: Conversely, if the new fermion has exotic quantum numbers, such
mixing terms are not allowed. In these cases the VLQ will decay back into an off-shell
heavy boson which will then decay back to the SM. Depending on the lifetime of the
VLQ, both prompt multijet final states, with the potential presence of top quarks, or sig-
natures exhibiting a displaced vertex will be possible.

– R hadron: For long enough lifetimes the VLQ will hadronize before decaying, allowing
in this way for the formation of new exotic and heavy bounds states [68, 69].

– Associated production of new scalars: Producing the new scalars in qq̄ annihilation
together with quarks of the first and/or second generation could be strongly constrained
by flavour observables. However, one can produce the scalar in association with a bb̄ or a
tt̄ pair. The allowed quantum numbers for the scalar remain the same of Tab. 1.

– Reversed mass hierarchy: While throughout our discussion we have assumed a mass
hierarchy such as the new boson can decay into a VLQ and a SM quark, the opposite
hierarchy can also give rise to an interesting phenomenology. In that case the VLQ will
undergo a decay into a heavy boson and a SM quark. This configuration has recently
received some attention, also due to the possibility that bounds on the mass of the VLQs
could be relaxed [70–73].6

6Note that exclusion bounds for VLQs with decays into new particles can also be strengthened, for instance in
the case where they decay into a stable scalar, such that stop searches can be reinterpreted [74]. This is typically
the case in non-minimal Composite Higgs Models [75].
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5 CONCLUSIONS
New bosons of spin-0 and/or spin-1 are common in many extensions of the Standard Model,
in particular in composite Higgs models or extra-dimensional models. We have classified all
spin-0 and spin-1 states that can be produced at the LHC through initial state quarks by an s-
channel exchange. Several existing LHC searches set bounds on such resonances when they
decay into SM states. Less explored is the possibility that the s-channel resonance decays into
non-SM states, as predicted in many new physics models. In such a case dedicated searches
should be performed. We have concentrated here on the case where the new resonance decays
into a VLQ and a SM fermion and identified all the possible quantum numbers of the VLQ;
our list contains VLQs with charges of 5/3, 2/3, −1/3 and −4/3. We have also commented
on the phenomenology of these new states. While for some specific quantum numbers the
VLQs can mix with the SM quarks through a Yukawa type interaction and hence decay into SM
states, for some of the cases we have observed that this was not possible. The VLQs can then
decay only via “backwards” decay, meaning via the (off-shell) heavy boson through which they
were produced. Depending on the coupling strength between these states, the VLQ might be
long-lived giving rise to a peculiar phenomenology which deserves a deeper investigation.
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Contribution 3

Precision predictions for the single production of third
generation vector-like quarks

G. Cacciapaglia, A. Carvalho, A. Deandrea, T. Flacke, B. Fuks, D. Majumder, L. Panizzi

Abstract
We study the effects of next-to-leading-order corrections in QCD on
the single production of third generation vector-like quarks, assuming
standard couplings of the extra quarks to the weak gauge and Higgs
bosons so that they could decay into one of these bosons and a Standard
Model quark.

1 INTRODUCTION
Vector-like quarks (VLQs), i.e. coloured heavy fermions that have non-chiral couplings to the
Standard Model (SM) gauge interactions, are a common ingredient of many models of new
physics. In particular, when they couple to the third generation of SM quarks, they often play
a role in the fine-tuning problematics of the Higgs-boson mass. In addition, they also appear
in models with extra space dimensions. These reasons, together with the fact that they can be
copiously produced at hadron colliders, make them an ideal target to be searched for at the LHC
and at future hadron colliders.

Many searches targeting VLQs coupled to third generation quarks are performed by both
the ATLAS and CMS collaborations [22, 76–79], although specific searches complementarily
focus on VLQs coupling to light quarks [80, 81]. In the third generation case, the considered
final state contains one third generation quark (top or bottom) and one SM weak or Higgs
boson (W -boson, Z-boson or a Higgs boson). The corresponding branching ratios in each
channel depend on the details of the model, and in particular on the dimension of the SU(2)L
multiplet the VLQ belongs to and on the electroweak symmetry breaking pattern. In a previous
Les Houches workshop [82], some of the authors of this contribution worked out a model-
independent strategy to study the most general decay pattern relying on a parameterisation of
the couplings in terms of the physical branching ratios [83–85]. However, non-standard decay
modes may still be allowed in specific models, for which a full classification can be found in
Ref. [72] and dedicated analyses in Refs [70, 71, 86–89].

In this project, we focus on the standard channels, but we aim at studying in detail effects
that arise from next-to-leading order (NLO) corrections in QCD. While such effects are well
studied for the QCD production of a pair of VLQs, which is analogous to top-antitop pair
production, no such studies exist for VLQ single production. In Ref. [90], some of us published
a FEYNRULES [91] implementation of a general VLQ model that includes full NLO effects in
QCD. This model was developed as part of a previous Les Houches project [72], and applied
first to the study of di-Higgs final states originating from the decays of on-shell VLQs that
couple to first generation quarks [92]. We now use this implementation to study the kinematic
distributions of jets produced in association with a single VLQ of third generation, the most
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well-known examples of such a new physics state being top partners, i.e. VLQs with the same
SM quantum numbers as the top quark.

2 THE MODEL AT NLO
There are four types of VLQs that can decay directly into a SM quark plus a boson, and they
are distinguished by their electromagnetic charge: two have the same charge eQ as the top and
bottom quarks respectively, and we call them T (eT = 2/3) and B (eB = −1/3), and two
exhibit exotic charges that differ by one unit from the standard ones, X (eX = 5/3) and Y
(eY = −4/3). The leading order Lagrangian that we have implemented reads [90]

LLO = iQ̄ /DQ−mQQ̄Q− h
[
B̄
(
κ̂BLPL + κ̂BRPR

)
B + T̄

(
κ̂TLPL + κ̂TRPR

)
T + h.c.

]
+ g

2cW

[
B̄ /Z

(
κ̃BLPL + κ̃BRPR

)
b+ T̄ /Z

(
κ̃TLPL + κ̃TRPR

)
t+ h.c.

]
+ g√

2

[
B̄ /W

− (
κBLPL + κBRPR

)
t+ T̄ /W

+ (
κTLPL + κTRPR

)
b+ h.c.

]
+ g√

2

[
X̄ /W

+ (
κXL PL + κXRPR

)
t+ Ȳ /W

− (
κYLPL + κYRPR

)
b+ h.c.

]
, (1)

where Q = X,T,B, Y . The covariant derivative only contains gauge interactions from QCD
and QED, the couplings of a pair of VLQs toW -bosons and Z-bosons being omitted as they are
very model dependent and give minor contributions to the production cross sections [83]. This
model differs slightly from the parameterisation proposed in Ref. [83] in the mass dependence
of the couplings that has been removed. The reason behind this choice is to render the NLO
implementation easier, as the couplings can be renormalised independently of the masses. There
is however a qualitative (and quantitative) difference between the VLQ coupling to the Higgs-
boson h and that to the gauge bosons. The former corresponds to a Yukawa coupling while
the latter to a mixing angle, and the relation between the two is a factor v/mQ where v is the
vacuum expectation value of the SM Higgs field [85].

Our simulations for the LHC make use of an NLO model file encoded in the UFO for-
mat [93] that has been generated with the FEYNRULES [91] and NLOCT [94] packages. The
resulting UFO library contains tree-level vertices as well as ingredients necessary for the evalu-
ation of one-loop diagrams in MADGRAPH5_aMC@NLO [95]. For more details on the valida-
tion of our implementation we refer to Ref. [90]. We then use the MADGRAPH5_aMC@NLO
platform for generating events both at the LO and NLO accuracy in QCD. We have used the
NNPDF2.3 (LO QCD + LO QED) [96] for the LO processes, while for the NLO processes we
have used the NNPDF3.0 (NLO) set. The simulation of the QCD environment (parton show-
ering and hadronisation) has been achieved with PYTHIA 8.2 [97], while the jet reconstruction
has been made by using using the anti-kT algorithm [98] with radius 0.4 and b-jet tagging with
distance ∆R=0.5, implemented in FASTJET 3.2.1 [99].

2.1 Simulation results
One of the main impacts of the QCD corrections to the single production of a VLQ is to modify
the corresponding production cross-section. We focus in this work on single VLQ production in
association with a jet, as illustrated by the representative Feynman diagrams of Fig. 1 for single
T production. At tree-level, such a process occurs through VLQ couplings to the W -boson (i.e.
the κTL/R interactions), while for single B production it occurs through the VLQ coupling to the
Z-boson (i.e. the κ̃BL/R couplings). Total rate results given as a function of the mass of the T and

22



Figure 1: Subset of topologies for single T production at the LHC. Left panel: Tj production at LO
in the 5FNS; central panel: NLO QCD contribution to the Tj process in the 5FNS; right panel: real
emission for the Tj process in the 5FNS and LO topology for the Tjb process in the 4FNS.
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Figure 2: Production cross section of a single VLQ in association with jets for LHC collisions at a
centre-of-mass energy of 13 TeV. We present results in the case of a T (left) and B (right) quark, and
show their dependence on the VLQ mass. The cross sections are normalised to κT = κ̃B = 1.

B quark, and for LHC collisions at a centre-of-mass energy of 13 TeV, are shown in Fig. 2. We
compare predictions in the 5-flavour-number scheme (5FNS) with predictions in the 4-flavour-
number scheme (4FNS). In the 5FNS, bottom quark contributions to the parton densities of the
proton are included, while in 4FNS, initial bottom quarks originate from gluon splitting. The
results are normalised to κ parameter values equals to 1, and include contributions from both
VLQ and anti-VLQ production. While calculations in the 5FNS are easier and hence allows to
include higher-order corrections, 4FNS results are known to better describe the shapes of the
kinematic distributions.

The global effect of the NLO corrections is to increase the cross-section value and to
generally reduce the scale uncertainties, although new subprocesses may appear at NLO and
contribute significantly enough to spoil the reduction of the uncertainties. Results in the 4FNS
and 5FNS agree, after accounting for the uncertainties. Significant NLO effects are however
expected when considering more exclusive observables like those related to the final-state jet
properties. For instance, the kinematics of the b-jet produced in association with the VLQ is
crucial. While such a jet already appears at tree-level in the 4FNS, as this consists in a 2 → 3
process (see Fig. 1), NLO corrections are required in the 5FNS as b-jets arise at the lowest order
through radiative contributions. To ascertain which strategy better characterises the kinematic
properties of the event, we compare below distributions obtained by the three calculations, i.e.

23



in the 4FNS (at LO, 2→ 3 process) and in the 5FNS (at LO and NLO). NLO corrections to the
4FNS results are left to future work.

To this end, in the remaining of this contribution we consider single-T quark production
where the extra quark decays with a 100% branching fraction into a Wb system. In Fig. 3, we
compare the (normalised) distributions of the transverse momentum (pT ) and pseudorapidity (η)
of the leading (top row) and sub-leading (bottom row) reconstructed b-jets, for a T mass set to
MT = 1200 GeV, and after applying cuts on the b-jet pT > 20 GeV and |η| < 5. The markedly
central pseudorapidity distribution of the leading b-jet and the steep fall of the pT distribution
for pT values larger than MT/2 = 600 GeV show that this jet can clearly be associated with the
bottom quark originating from the T -quark decay, independently on the scheme in which the
calculation has been made. Furthermore, as the decay of the T -quark is computed at the LO
accuracy in all cases, the leading b-jet distributions do not exhibit clear differences between the
LO and NLO results, except for a slight tendency towards softer pT values at NLO as shown by
the reduction of events with pT larger thanMT/2 = 600 GeV. The sub-leading b-jet distributions
shows as well a slightly different behaviour. The soft pT spectrum is in agreement with the fact
that this jet originates from radiation, as it is the case for all the events in the 5FNS-LO. The
pseudorapidity shows a slight difference between the two LO results and the NLO one, the latter
exhibiting a tendency to more forward distribution of b-jets. A more thorough investigation of
these results is needed to draw definite conclusions. Our preliminary results show, nevertheless,
that properly accounted NLO effects are crucial for an accurate description of the kinematic
distributions of the additional jets accompanying the singly produced VLQ.

For completeness, in Fig. 4 we show the transverse momentum and pseudorapidity distri-
butions for the leading (non-b) jet. In this case, we observe that the NLO results showcase more
forward jets, together with a population of jets which are more markedly central. Note that we
selected only events featuring a leptonic decay of the W -boson, so that the jet distributions do
not include the ones from hadronic W decays (which tend to have higher transverse momen-
tum and be central). Further investigation of the features of these results, together with NLO
distributions in the 4FNS, are under way.

CONCLUSIONS
We have studied the single production of third generation VLQs, which can decay into a SM
quark plus a SM boson, at NLO in QCD. While the total single production cross-section is only
slightly affected by the corrections (as the main production diagrams are of electroweak origin),
we have shown that the detailed distributions are in contrast significantly impacted.
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Figure 3: Normalised distributions of the transverse momentum and pseudorapidity of the leading (top
row) and sub-leading (bottom row) reconstructed b-jets for single T production, i.e. pp → Tj in the
5FNS at LO and NLO and pp → Tbj in the 4FNS at LO after including a subsequent T → bW decay
for MT=1200 GeV.
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Figure 4: Normalised distributions of the transverse momentum and pseudorapidity of the leading jets
(non-b) for the processes PP → Tj (5FNS at LO and NLO) and PP → Tbj (4FNS at LO) with
subsequent T → bW decay for MT=1200 GeV. We select leptonic decays for the W .
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Contribution 4

Long-lived particles at the LHC and freeze-in dark matter
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D. Sengupta, B. Zaldivar and J. Zurita

Abstract
Long-lived particles appearing in models in which dark matter is pro-
duced via the freeze-in mechanism can be probed at the LHC. This is il-
lustrated for the case of a long-lived charged fermion which decays into
dark matter and a lepton (electron or muon), using a search for heavy
stable charged particles and a displaced lepton search by the CMS col-
laboration.

1 INTRODUCTION
The search for long-lived particles (LLPs) at the Large Hadron Collider (LHC) has recently
gained momentum in the high-energy physics community. One obvious reason for this ten-
dency is the lack of evidence for physics Beyond the Standard Model (BSM) in more tradi-
tional searches involving, for example, several jets along with missing transverse momentum.
Thus, other –more exotic– analyses should be invoked in order to make the most of the present
experimental capabilities.

From an experimental standpoint, an LLP is a BSM state with a macroscopic lifetime,
typically longer than a few hundreds of ps. From the theory side, there are essentially two ways
in which a particle produced at the LHC can decay slowly enough to be considered an LLP: 1)
the decay is kinematically suppressed because the particle is part of a new sector characterised
by a compressed enough mass spectrum, or 2) the decay is suppressed due to small (effective)
couplings to the “daughter” particles. The latter can arise in several ways (mass suppression,
breaking of symmetries, fine-tuning, etc) , and we are ultimately agnostic about its origin. The
case of kinematic suppression has so far been the most studied one, for example in the context
of Supersymmetry [100–106]. In this work we will instead focus on the case in which long
particle lifetimes are due to coupling suppression.

At the same time, the search for dark matter (DM)1 at the LHC is currently one of the most
active topics of research. Typically, DM searches are interpreted in the framework of WIMPs
(Weakly Interacting Massive Particles). These DM candidates are characterised by couplings to
the SM of the order of the electroweak interactions, and thus, they could be copiously produced
at the LHC. However, as mentioned before, no evidence of WIMPs has appeared so far, which
motivates the consideration of other types of DM candidates. For example, DM could be made
up of particles whose interactions with the SM are extremely suppressed such that, contrary to
WIMPs, their production in the early universe would be out of thermal equilibrium with the SM
(or, more generally, the visible) sector. Such types of DM candidates have been dubbed FIMPs

1As usual, note that the LHC itself cannot determine whether a particle escaping the detectors is (at least) part of
the observed DM in the universe, since it requires complementary information from other DM-related experiments.
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(Feebly Interacting Massive Particles), and they can be produced through the so-called freeze-in
mechanism [107, 108]. The purpose of this work is to establish a link between the search for
LLPs at the LHC and the freeze-in production of FIMP dark matter.

Indeed, the process through which a particle produced at the LHC decays into DM far
away from the collision point could also be the one responsible for the DM production in the
early universe. To the best of our knowledge, there are just a few examples in the literature
which have studied this connection see, e.g. [109–111]. Here, we study the connection between
LLPs and FIMPs in one of the simplest freeze-in DM models that could give rise to observable
signals at the LHC. We consider the case in which an electrically charged mother particle decays
into a neutral one (a DM candidate) along with a lepton. The lifetime of the mother particle
is such that the corresponding signature consists of a Heavy Stable Charged Particle (HSCP)
producing a heavily ionised track or a displaced vertex.

In this model, there is a one-loop contribution to µ→ e, γ. However, for the values of the
couplings under consideration, this constribution is much below the current sensitivity [112].

2 THE MODEL
We consider an extension of the Standard Model by an additional real scalar field s that trans-
forms trivially under SU(3)c × SU(2)L × U(1)Y as well as an additional vector-like charged
lepton E transforming as (1,1,−1) 2 . Both particles are taken to be odd under a discrete Z2

symmetry, whereas all Standard Model fields are taken to be even. Under these assumptions,
the Lagrangian of the model reads

L = LSM + (∂µs) (∂µs)− µ2
s

2
s2 − λs

4
s4 − λshs2

(
H†H

)
(1)

+ i
(
ĒL /D EL + ĒR /D ER

)
−
(
mEĒLER + yesĒLeR + yµsĒLµR + h.c.

)
,

where EL,R and eR, µR are the left- and right-handed components of the heavy lepton and the
right-handed component of the Standard Model electron and muon, respectively. For simplicity
we have neglected couplings to the third generation leptons. The model is described by six free
parameters, namely

µs, λs, λsh, mE, ye, yµ (2)

out of which λs is irrelevant for our purposes whereas µs can be traded for the physical mass
of s through µ2

s = m2
s + λshv

2, where v is the Higgs vacuum expectation value. For simplicity,
we will also take the coupling λsh to be identically zero. These choices leave us with only four
free parameters

ms, mE, ye, yµ. (3)

Due to its electric charge, the heavy leptonE is kept in thermal equilibrium with the SM thermal
bath in the early Universe. For ms < mE , the scalar s becomes stable and can play the role of
a dark matter candidate.

Note that the model described by Lagrangian (1) can, for light enough values of mE , lead
to substantial contributions to the SM Z boson decay width. Throughout the following, we will
always place ourselves in the situation mE > mZ/2.

2The vector-like nature of E ensures that the model is anomaly-free.
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3 FREEZE-IN PRODUCTION
The dominant processes contributing to DM production are E → es and E → µs. Additional
contributions can come from scattering processes, which we have found to be subleading for
our choices of parameter values. The Boltzmann equation for DM can be written as:

ṅs + 3Hns =
∑
i

∫
d3pE

(2π)32EE

d3pi
(2π)32Ei

d3ps
(2π)32Es

(2π)4δ(4)(PE − Pi − Ps)|Mi|2

× [fE(1− fi)(1 + fs)− fifs(1− fE)] , (4)

where the sum runs over the two processes with i = e, µ. Besides, ns is the DM number den-
sity, H the Hubble parameter, Pk = (Ek, pk) the four-momentum of particle k with distribution
function fk.M denotes the amplitude of the process.

Simplifying assumptions. The standard freeze-in computation relies on the following assump-
tions: 1) the initial density of DM particles is zero such that (for small enough couplings) the
annihilation term can be neglected, 2) DM production occurs during the radiation dominated
era, and 3) Maxwell-Boltzmann distribution functions are assumed for all bath particles (i.e. no
difference between bosons and fermions)3.

By adopting these simplifications the comoving DM number density (or yield Ys) is given
by the following expression:

Ys ≈
45ξMPl

8π4 · 1.66

gE
m2
E

Γ

∫ mE/T0

mE/TR

dx x3 K1(x)

gs∗(x)
√
g∗(x)

, (5)

where ξ = 2 since the decaying particle E is not self-conjugate (otherwise ξ = 1), gE are the
internal degrees of freedom ofE and Γ the sum of all partial decay widths into DM: Γ = Γe+Γµ.
MPl = 1.2×1019 GeV is the Planck mass, TR the reheating temperature of the universe (an input
for freeze-in calculations), T0 is the temperature today, K1(x) is the modified Bessel function
of the second kind of degree 1, and g∗, gs∗ the effective degrees of freedom for the energy and
entropy densities, respectively. The relation between today’s relic abundance and yield of DM
is [108]:

Ωsh
2 ≈ msYs

3.6× 10−9GeV
. (6)

Most of the details of the model in Eq. (5) are encoded in the expression for the decay
width Γ, which leads to the lifetime

cτ ∼ 103 cm

(
10−9

y2
e + y2

µ

)(
TeV

mE

)
. (7)

Consequently, by assuming that freeze-in via decay of the LLP is the dominant mechanism
responsible for DM abundance, we can make a fairly model-independent connection between
the lifetime of the LLP and the LLP and DM masses by requiring the correct DM abundance
via freeze-in:

cτ ≈ 4.5 m ξgE

(
0.12

Ωsh2

)( ms

100keV

)(200GeV

mE

)2
∫ mE/T0mE/TR

dx x3K1(x)

3π/2

 , (8)

3See [113] and [114] for a more detailed discussion on the distribution functions of the bath particles.
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Figure 1: Diagram for the main production and decay process of E at the LHC.

where we have evaluated g∗(x), gs∗(x) on x = 3 4. Note the large hierarchy of masses
between the DM and the mother particle, needed in order to obtain the observed relic abundance
while having a sufficiently long lifetime for the LLP, provided mE � TR.5 Alternatively, a
freeze-in solution for DM masses ms � MeV could be obtained by decreasing the reheating
temperature, such that mE & TR. This means essentially that the DM production history is
shorter, relying only on the Boltzmann tail of the mother particle. In this work we will adopt
the former regime.

We have solved numerically the Boltzmann equation (4) with the micrOMEGAs 5.0 code
[113] under the assumptions discussed above. The results are in good agreement with the
analytical approximation (8) shown in Fig.3.

4 LHC CONSTRAINTS
As illustrated in Fig. 3, in order for the scenario described in Sec. 2 to produce the observed
dark matter relic abundance, the vector-like lepton (E) lifetime has to be larger than ' 0.01
ns (corresponding to cτ ∼ 0.1 m). Consequently, if E is produced at the LHC with moderate
to high velocities, it will cross a macroscopic distance in the detector. Searches for long lived
particles (LLPs) can then be used to constrain this scenario. In our model, E will always be
pair-produced via a Drell-Yan process at the LHC and will then decay via the s − E − e/µ
coupling, as shown in Fig. 1. The LLP signature associated with the production of E’s strongly
depends on their lifetime. For τ . 10 ns, the decay occurs mostly inside the tracker, leading
to a displaced lepton or tracks with kinks. If E is sufficiently long lived to decay outside the
detector (τ & 100 ns) or outside the tracker (τ & 10 ns), it will appear as a heavy stable charged
particle (HSCP). Below we will discuss how the LHC searches for displaced leptons and HSCPs
constrain the parameter space of the model.

4.1 HSCP Searches
If the vector-like lepton (E) has a cτ of the order of a few meters, it will deposit a considerable
fraction of its energy in the tracker. Due to its large mass, the long-lived particle will be pro-
duced in the non-ultrarelativistic regime, thus leading to a highly ionized track, which can be

4This turns out to be a good approximation since for this model, most of the production occurs around the
freeze-in temperature T ≈ mE/3.

5For T0 � mE � TR, the ratio in squared brackets in Eq. (8) will approach to 1.
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distinguished from the ultrarelativistic tracks produced by long-lived Standard Model particles.
Furthermore, if the LLP traverses the muon chambers, it will produce a non-ultrarelativistic
track with a larger (or anomalous) time-of-flight (TOF) than the one expected from muons,
since βHSCP < 1. This anomalous TOF can also be used when searching for HSCPs. Both
ATLAS and CMS have performed HSCP searches at 7, 8 and 13 TeV [115–120]. Because of
their small background, these searches are highly sensitive to charged LLPs and model inde-
pendent, since no special veto (except for some basic HSCP isolation) is imposed on the signal.
Here we will consider the results obtained by the CMS 8 TeV search [117], as it provides all
the detailed information required for re-interpretation of the HSCP limits. The 8 TeV search
presents limits for charged LLPs using only tracker data as well as tracker plus muon chamber
(or time-of-flight) data. As mentioned above, the former is more sensitive to lifetimes satisfying
3 m . cτ . 10 m, while the latter is more sensitive for cτ & 10 m. Since the E lifetime can
vary in a wide range of values (cf Sec. 2), we will consider both the tracker-only and the tracker
plus time-of-flight constraints. In order to compute the constraints on our model, we use MAD-
GRAPH5_AMC@NLO [95] and PYTHIA 8.2 [97] to simulate events for the pair production of
E’s.

Using the full recasting of the tracker plus time-of-flight analysis discussed in Appendix
A, we computed the expected number of signal events for the FIMP scenario described in Sec. 2.
The signal yield, along with the number of observed and expected background events provided
by CMS [121], allows us to constrain the model parameter space. The red region in Fig. 2 shows
the region in the cτ vs mE plane excluded at 95% C.L. by the tracker plus TOF data. For very
large lifetimes we obtain a constraint mE > 550 GeV. It is important to point out that due to its
vector-like and fermionic nature, the cross-section for E pair production is significantly higher
than the corresponding cross-section for charged scalars. For this reason the constraints on mE

are stronger than the ones obtained by CMS for pair production of staus [117]. Once the vector-
like lepton is no longer stable at detector scales, the limits on its mass become increasingly
weaker. In particular, for cτ ' 2 m, we have mE & 200 GeV.

Although the limits obtained using the tracker plus TOF data become weaker once cτ .
5 m, if the LLP decay occurs outside the tracker volume, it is still possible to constrain our
scenario using the tracker-only data. In Ref. [117] CMS has provided cross-section upper limits
(as a function of the LLP mass) for the tracker-only analysis. However, the corresponding
trigger and selection efficiencies are not publicly available, hence a full recasting of the tracker
only search is not feasible. Nonetheless, since the Drell-Yan process for production of the
vector-like leptons E shown in Fig. 1 is kinematically similar to pair production of staus, it is
still possible to re-interpret the CMS limits for long-lived staus and use them to constrain the
FIMP scenario. The CMS limits from Ref. [117] are given for the total production cross-section
of staus as a function of its mass under the assumption that the staus are stable at detector scales
(cτ � 10 m). Therefore we can not directly apply the limits to the E production cross-section,
σ(EE), if the vector-like lepton has a finite lifetime. In order to account for the finite lifetime
– induced – suppression of the limits, we compute an effective production cross section using:

σeff (EE) = σ(EE)× fL (9)

where fL represents the effective fraction of HSCPs which have decayed at a distance L from
the primary vertex. This fraction depends on the LLP lifetime and the size of the tracker, which
we assume to be 3 m, since it approximately corresponds to the maximum tracker radius in
CMS. For the specific details on the calculation of fL, see Appendix A.
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Figure 2: LHC contraints on the LLP vector-like lepton model. The red area corresponds to the region
of the FIMP parameter space excluded by the 8 TeV CMS search for HSCPs [121] using the tracker plus
time-of-flight data. The red region shows the corresponding bounds using the tracker-only data. See text
for more details.

Once the effective cross-section is computed for each value of mE and τ , we can directly
compare it to the corresponding cross-section upper limit (σUL) presented by CMS in Ref. [117].
If σeff (EE) > σUL we consider the point in parameter space to be excluded by the CMS 8 TeV
search. The results are shown by the blue region in Fig. 2. As expected, for small lifetimes
(cτ . 30 m) the constraints are more severe than the ones obtained previously, while for large
lifetimes, the tracker-only limits are slightly weaker than the tracker plus TOF ones, resulting
in mE > 540 GeV instead.

4.2 Displaced Lepton Searches: e�
For LLP decay lengths in the range cτ ∼ 0.1−100 mm, the LLP can decay at a sizable distance
from the interaction point. If the decay products are charged, this leads to tracks with a non-zero
impact parameter (which can further be used to reconstruct displaced vertices). The simplest
of such searches is the CMS search for events with oppositely charged, displaced electrons
and muons, conducted at both 8 TeV [122] and 13 TeV [123] runs. This search is potentially
sensitive to our model if E decays with similar branching fractions to electrons and muons
(ye ' yµ).

Here we analyze the bounds from the 13 TeV CMS search with 2.6 fb−1 [123]. The
discriminating variable is the transverse impact parameter d0, defined as the closest distance
between the beam axis and the track in the transverse plane. For our study, we use generator-
level information to calculate the transverse impact parameter of the lepton as:

d`0 =

∣∣p`xLy − p`yLx∣∣
p`T

(10)

where Lx,y the distance in x, y travelled by the LLP before decaying, p`T the transverse momen-
tum of the lepton and p`x,y the x, y components of the lepton and LLP 3-momenta.
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